Abstract The flood plain of the Nile River has been a safe dwelling throughout history. Recently with a growing population and vast growing urbanization some buildings have started to experience structural damages, which are not related to their construction design, but rather to the ground conditions around the buildings' foundations. Variations in properties of the soil supporting the buildings' foundations such as soil bearing capacity, moisture content and scouring may eventually lead to the failure of these buildings. This study is attempting to characterize the variations in the soil properties around the City Star shopping mall, in eastern Cairo, where a large building has tilted over the past few years. This tilting may lead to the collapse of the whole building if it continues at the same rate. An integrated geophysical investigation including multi-channel analysis of surface wave (MASW), ground penetrating radar (GPR) and 2-D electrical resistivity tomography (ERT) was used around the affected building to help detect possible causes of deterioration. The GPR data showed a soil-fill layer overlaying a thick bottom layer of higher moisture content. The MASW data revealed a middle layer of relatively low shear wave velocity sandwiched between two relatively high shear wave velocity layers. The ERT data showed an upper low resistivity layer overlying a high resistivity layer. Integrating the interpretations of the three geophysical methods provide a combined model that reflects lateral and vertical variation in the soil properties. This variation becomes dramatic near the tilted corner of the building.
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Introduction
Using non-invasive geophysical techniques for near surface characterization of geotechnical sites has grown rapidly during the last few decades as information derived from borings has become costly. Geophysical techniques which are commonly used for geotechnical site investigation include seismic reflection and refraction (Cook 1965; Steeples and Miller 1987) , seismic surface waves (Ismail and Anderson 2007) , ground-penetrating radar (Ballard 1983 and Annan et al. 1991) and electrical resistivity tomography (Griffiths and Barker 1993; Zhou et al. 2002; Roth et al., 1999; Labuda and Baxter 2001 and Carpenter 2003) . These geophysical techniques can precisely map a buried bedrock surface, depth to the groundwater table as well as lateral and vertical variation of the soil properties at geotechnical sites.
This study was designed to characterize the upper 15 m of soils in the area surrounding the City Star shopping mall in the center of Cairo, Egypt. To the west of the mall, two buildings (No. 17 and No. 18) were contiguously built in the 1950s at the intersection of the Makram Ebaid extension and Mosque Street. During the past two years, it was noticed that building No. 17 was tilted and a displacement between this building and the adjacent building No. 18 was observed, especially the upper part. This structural defect has raised the concern about a possible collapse of the whole building if the tilting continues at the same rate. A group of civil engineers have reviewed the building design and construction to determine the reason of this tilting, and following a detailed study, the engineers found no design or construction problems that could cause such a tilting. The engineers recommended testing the upper 15 m of the soils underneath and surrounding the building foundations to locate voids, sinkholes, dissolutions and or lateral variation in the subsurface soils that could lead to instability beneath the building. A few boreholes were drilled surrounding the building to examine the soil profile at the site. However, the drilled boreholes were limited in number and in depth of penetration due to the high cost of drilling and the hazard that a big drilling rig could cause to the building. Therefore, geophysics was recommended as a non-invasive tool to characterize the subsurface soil surrounding the building.
In this study we utilized three geophysical techniques including multi-channel analysis of surface wave (MASW), ground penetrating radar (GPR) and electrical resistivity tomography (ERT) to characterize the upper 15 m of the subsurface surrounding buildings No. 17 and No. 18 with emphasize on the tilted building (No. 17). The MASW method is designed to measure 1D and 2D shear wave seismic velocity profiles to depths on the order of 15 m. The shear wave velocity indicates soil stiffness, which helps in mapping the bedrock surface and in qualitatively describing the strength of the soil. These parameters are directly related to the ability of the soil to bear a structural load and they are usually estimated prior to most construction operations. The GPR technique measures the propagation velocity and reflection amplitude of the electromagnetic waves across the surveyed area. Measuring these parameters makes the GPR a powerful technique in imaging lateral and vertical variations in the soil type, mapping depth to the ground water table and locating the possible subsurface voids, sinkholes or cavities. The ERT technique measures variation in the soil electrical conductivity indicating the variation in the soil type, porosity, moisture and clay content. Integrating the results from these three geophysical techniques, MASW, GPR and ERT, are expected to sufficiently characterize the subsurface surrounding the building and reveal the reasons behind the tilting of the building.
Site description
The investigated site is located along the eastern bank of the Nile River in one of the most densely populated areas of Cairo, Naser City Fig. 1 .
The site under consideration comprises two buildings (Nos. 17 and 18) shown in Fig. 2 . Almost, half of the site was designated to the building, while the rest of the site was used as parking lots. The eastern and northern sides of the site face two high traffic flow streets due to the presence of the City Star mall. The western and southern sides face two narrow low-flow traffic streets. Building No. 17 started to show tilting at its NE section during the past few years (Fig. 3) and was recently evacuated. None of the other buildings in the region near the investigated site showed any signs of tilting or similar structural or geotechnical problems. Also, the investigated site is not close to any mining activities, railway tracks or other source which may have resulted in shaking and tilting of the building. Figure 1 Location map of Naser City including the investigated site (not scaled).
Geological setting
Swedan (1991) stated that the oldest rocks exposed in the Greater Cairo area are those occupying the anticlinal structure of Abu Rawash. He added that the structural pattern of the Greater Cairo area is mainly controlled by faults and folds. The main fault systems are trending NW-EW (Erithrean and Tethyan trends). The area of Greater Cairo is covered by sedimentary rocks of different formations from the Eocene up to the Quaternary (El Shazly et al., 1980) , as shown in Fig. 4 .
The tilted building resides on the flood plain of the Nile River that consists of alternating thin beds of cemented silty sand, clayey sand and medium to coarse sand (Sabry 1989) . These sediments were deposited by the river in its valley on the surface of the Eocene Limestone bedrock (Said 1981) . The flood plain sediments changes laterally over small areas from graded-sized consolidated sand, to clayey sand, to silty sand and to clayey silt. The description of the uppermost 15 m of soil is shown in Table 1 based on the boring information from the three boreholes drilled at the investigated site in 2009 by the Cairo University Engineering Center.
The ground water table at the site was measured in some test holes in the area in 1989 to be 5.0 m below the ground surface. It was also measured in 2009 and it rose slightly at the site. Therefore, the rising groundwater table is definitely at least one factor responsible for affecting the properties of flood plain sediments at the site. However, it was not determined if this rise in the groundwater table was due to a regional change in the ground water table or due to a local effect such as the recently discovered leakage from sewage and drinking water pipes in the area.
Geophysical data acquisition and processing

GPR survey
A total of 23 GPR profiles were conducted surrounding building No. 17 as shown in Fig. 2 , with different lengths according to the validity of the scanned area. The GPR data were acquired using an SIR 3000 system by GSSI equipped with a 400 MHz antenna. The data were acquired in continuous mode with a time sampling interval of 512 and a time window of 140 ns.
The GPR data were processed using programs RADAN 6.5 and REFLEX 5.0 to remove the noise signal and to enhance the imbedded features' signals. Several processing steps were applied including;
(1) Static correction for the ground zero level, (2) Background removal to facilitate the recognition of the imbedded infra-structure, (3) Band-pass 2D filter to remove the noise and get clear sections, and (4) An automatic gain control (GC).
The velocity used for time/depth conversion was estimated by performing GPR over the known buried water, sewer, and other pipes at the site. 
MASW survey
The MASW was acquired along five linear traverses totaling 240 m surrounding the tilted building using twelve, 14-Hz low-frequency geophones spaced at 1-2 m intervals. A 10-kg hammer was used as a source and was fired at a 2 m distance from the first geophone. The source and the geophones were moved at 6 m intervals. This recording geometry was sufficient to provide shear wave velocity information between a depth of 1 and 15 m. Because the entire survey site was covered with asphalt, the geophones were attached to concrete plates so that adequate coupling could be achieved between the geophones and the ground. Each of these concrete plates had a central hole where the geophone spike was planted in and supported by soft clay (Fig. 5) . The acquired data were not of high quality due to the location of the surveyed site in the center of the heavily populated area. Cultural noise from traffics, pedestrians, power lines and other sources generated noise in the recorded shot gathers.
The acquired MASW shot gathers along the lines consisted of 12-traces of 1 s trace length and sampled at 1 ms sampling intervals with no frequency filters applied during data acquisition. These multi-channel records were analyzed with the SurfSeis software package of the Kansas Geological Survey, using the MASW method. During data analysis, each shot gather was transformed from time domain into frequency domain using the Fast Fourier Transform approach . Each transformed shot gather was used to generate a site-specific dispersion curve (a plot of phase velocity versus frequency). A 1-D shear-wave velocity (Vs) profile was calculated from the dispersion curve of each shot gather using an iterative non-linear inversion process . The inversion method uses a starting model before beginning to search for the answer in an iterative manner. The starting model consists of several key parameters: S-velocity (Vs), P-velocity (Vp), density (r), and thickness (H) of the layers in the earth model. Using this set of parameters, the program begins searching for a solution, continuously converging on the most probable values. Vs is the parameter that is the most sensitive and influential to the surface wave phase velocity. The influence of all other parameters can usually be neglected as long as they have been reasonably estimated. The shear-wave velocity profiles derived from all the shot stations along the surveyed line were interpolated using a Kriging algorithm. The generated 2-D grid was color contoured to produce a 2-D profile plot.
ERT survey
Resistivity imaging surveys (Fig. 6 ) measure variations in the electrical resistivity of the ground in the vertical direction, as well as in the horizontal direction along the survey line, by applying small electric currents across arrays of ground electrodes. The survey data are processed to produce graphic depth sections of the thickness and resistivity of subsurface electrical layers. The resistivity sections are correlated with ground interfaces such as soil and fill layers or soil-bedrock interfaces, to provide engineers with detailed information on subsurface ground conditions. The 2-D resistivity images obtained with such multi-electrode technique are used for locating resistivity anomalies. Resistivity imaging which is also Figure 4 Geological map of Greater Cairo area (El Shazly et al., 1980 & Williams and Small, 1984) . 4-7.5 m:calcareous gravely clayey sand, silt 6-6.5 m: calcareous silty clay and sand 9-9.5 m: weak to moderately hard sandstone 7.5-9 m: silty clay 6.5-15 m: calcareous gravely clayey sand 9.5-15 m: calcareous gravely clayey sand with thin layer of sandstone 9-15 m: slightly cemented silty clayey sand known as electrical resistivity tomography (ERT) is particularly useful in clayey ground where methods such as Ground Penetrating Radar (GPR) are less effective. The method helps to define transitional boundaries which can be difficult to detect using other geophysical methods.
Data interpretation
GPR profiles
Four representative GPR profiles are shown in Figs. 7-10 . The GPR profiles show three distinct layers. The upper layer has a thickness ranging from 0.5 to 1 m and is characterized by coherent strong GPR reflections. This upper layer most likely corresponds to the asphalt layer that covers the entire survey site. Directly below the asphalt layer is a second thin layer (0.5 m thickness) that is relatively weak and less coherent compared to the reflections of the overlying asphalt layer. This second layer most likely corresponds to a layer of fill materials beneath the asphalt. A third layer was identified on all the GPR profiles at depths ranging from 1 to 2 m and extends to the maximum depth of the GPR profiles. Reflections in this layer become much weaker and less coherent with depth, which is most likely due to the relatively higher moisture content within the materials of this layer. Figure 5 Acquisition processes of the MASW data using geophones attached to concrete plates and the ERT data where long steal electrodes were used to penetrate the asphalt down to the conductive soil layer underneath the asphalt. Figure 6 Lithological log of the boreholes BH1, BH2 and BH3.
The lateral variation in the GPR reflection strength along the GPR profiles, may be due to water mass accumulations resulting from seepage from water lines and/or sewer pipes, these zones are marked with the white-lined squares on GPR sections. For example the middle sections of GPR profiles 19 and 20 (Figs. 8 and 9) show much weaker GPR reflections compared to those at the sides of the same profiles. Such a severe lateral variation in the GPR reflection over short distance could be related to either variation in the soil moisture or clay content. Such variations will definitely have some effect on the strength of the soil underneath and below the foundation of the building.
Seismic profiles
Locations of the seismic profiles are illustrated in Fig. 2 . The lengths of these profiles range from 50 m to 70 m. Prior to processing the seismic profiles to generate shear wave velocity profiles, the first arrivals were picked and then inverted using the seismic refraction tomography method. The produced Pwave velocity profiles are displayed in Fig. 11 . The seismic tomography sections show two P-wave velocity layers; a shallow low-velocity layer that has a velocity ranging between 300 and 500 m/s and a thickness ranging between 1 and 2 meters; this layer corresponds to the uppermost weathered soil and attains a maximum thickness of 5 m along profile S3. The second layer has a velocity ranging between 3000 and 3500 m/s that correspond to coherent soil. Unfortunately, the seismic tomography tool divides the geological sections into only two velocity layers.
Three representative MASW profiles are shown in Fig. 12 . The MASW profiles show the shear wave velocity distribution from the ground surface down to a maximum depth of 20 m. The shear wave velocity is a direct indication of the soil rigidity and its bearing capacity (Kramer, 1996) . Low shear wave Figure 12 Three representative MASW profiles S1, S4 and S5 with the interpretation superimposed on the profiles. velocity corresponds to a low rigidity of the soil and vice versa. Therefore, the shear wave velocity layers are interpreted as layers of different soil rigidity along the MASW profiles (Fig. 12) . The rigidity distribution along the MASW profiles shows vertical and lateral variations. Generally, most of the MASW profiles show three layers of different soil shear wave velocity rigidity. The upper layer which starts at the ground surface and extends down to an average depth of 5 m shows relatively high shear wave velocity. The upper layer is underlain by a second layer of relatively low shear velocity and a variable thickness ranging from 3 to 9 m. A third layer of relatively high shear wave velocity is at the bottom of the MASW profiles.
The presence of a low shear wave velocity layer at an average depth of 5 m at the investigated site raises concern about the soil's shear strength below and in the vicinity of the building foundations. Moreover, the lateral variation in the values of the shear wave along the MASW profiles and the second layer of low shear wave velocity in particular indicates that the rigidity or the bearing capacity of the soil varies significantly across the area surrounding the tilted building (Fig. 12) . Therefore, this may explain the reason behind the tilting of the building.
ERT profiles
Generally the ERT profiles (Fig. 13) show two distinct layers. The upper layer starts from the ground surface and extends down to a depth of 3-10 m. This layer is characterized by relatively low resistivity which most likely corresponds to a higher clay-or moisture content soil. The lower layer is characterized by relatively high resistivity which reflects the presence of clay soil which varies in its lateral and vertical extents. The thickness of the low resistivity zone has the lowest value at profile E1 to the west of the building. Profile E2 (south of the building) shows low resistivity zone thickness that change from 5 to 10 m. The other two profiles #4 and #5 (north and east of the building, respectively) show the maximum occurrence of low resistivity zone with a thickness of 10-15 m. This result indicates that the foundation of the building has been rooted in the low resistivity zone corresponding to heterogeneous sediments (clay with intercalations of sand and gravel).
Discussion and conclusion
The GPR data show two layers of distinct electric properties; an upper layer 2 m thick that hosts various utilities, and a second layer representing old soil or more consolidated materials that extend to 5 m depth. No water seepage from the utilities of the building was observed on the surface during the present survey. However, the variation in the GPR reflectivity with depth may indicate water leakage from the sanitary system in the area (City Stars, public sewage system, etc.).
The electric resistivity imaging (ERT) and the seismic survey (MASW) results both showed comparable sub-surface soil Figure 13 Three representative ERT profiles E1, E2 and E4 with the interpretation superimposed on the profiles.
conditions. Integrating the interpretation of the MASW and the ERT images with the boring information showed that the dominant soil within the upper 15 m is clay to silty clay with sand intercalations. This is underlain by sandstone intercalated by clays or silt to a depth of 25 m. The thickness of the upper layer from the ERT and MASW sections varies from line to line as described abovein. In addition to variations in thickness, variations in resistivity and shear wave velocity within the upper layer indicate that the subsurface soil is heterogeneous and varied in its rigidity (bearing capacity) and its compaction. Based on the rigidity retrieved from the MASW, the bearing capacity is not uniform in the area of the building.
The building foundation, at 3 m depth, was not excavated to the geophysical bedrock surface but rather was finished to cement, silty graded sand to sandstone, traces of gravel (from boreholes). Results from this investigation indicate that the upper 10 m has very low shear wave velocity and can easily shear under any load. The bearing capacity is directly related to shear wave velocity (Vaid and Chern, 1983; Kramer, 1996) , which means that the lower the shear wave velocity the lower is the bearing capacity. Therefore, if, lower bearing capacity soils are present at some corners but not at the other corners foundation failure can occur and tilting of the building can be the result. The inspection of seismic lines S2, S3 and S5, shows a weak zone at the eastern and the southern sides of the building, extended to a depth below the foundation level. This weak zone has a low resistivity indicating either the existence of high moisture content, the presence of clay or most likely both. Similarly, a shallow weak zone exists at the northern and western sides of the building (seismic lines S4 and S1), but the soil is more rigid. Therefore, this asymmetry in the rigidity also likely contributes to the tilting of the building.
Finally, the soil surrounding and beneath the foundation of building 17 apparently was stable at the time of construction. However, various human impacts resulted in a change in its stability over time. These impacts include major construction operations for City Star mall and the surrounding buildings and leaking water from sewer pipes that increased moisture contents and may cause a subsequent dissolution in the subsoil. All of these are probable factors responsible for the instability of the subsoil and leading to variations in the bearing capacity at the corners of building 17 causing, shearing of the building, and its tilt.
